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The International Symposium on Ran and the Cell Cy-
cle was held on October 1–4, 2005, at the Awaji Island
Resort near Osaka, to celebrate the career and scien-
tific achievements of Professor Takeharu Nishimoto.
One hundred of his former lab members, collaborators
and other scientific colleagues from around the world
attended the symposium organized by Mary Dasso
(National Institutes of Health) and Yoshihiro Yoneda
(Osaka University). The program was divided into ses-
sions on cell cycle and chromosomes, nuclear import
and export of proteins and RNA, nuclear envelope and
the nuclear pore complex, and RCC1 and chromatin.
Dr. Nishimoto’s retirement from Kyushu University is
a perfect time to look back at the history of Ran and
RCC1, assess the current state of the field, and dis-
cuss the challenges that remain in order to unravel
the complexities of the Ran GTPase system.
A Brief Primer on the Ran GTPase System
The nucleotide bound state of the Ran GTPase is deter-
mined by its interaction with a nuclear, chromatin bound
guaninenucleotideexchange factor (GEF)andaprimarily
cytoplasmic GTPase activating protein (GAP) (Figure 1)
(reviewed in Sazer and Dasso, 2000). This compartmen-
tation of its regulators results in an accumulation of
RanGTP in the nucleus of interphase cells and near chro-
mosomes after nuclear envelope breakdown in animal
cells. RanGTP is thus perfectly positioned to provide
the spatial cues essential for insuring that many proteins,
particularly those that participate in or regulate the cell
cycle, are present and activated in the right place at the
right time.
The RanGTP gradient across the nuclear envelope im-
poses directionality on nucleocytoplasmic transport by
insuring that both import and export cargo bind to and
subsequently dissociate from their respective transport
receptors in the appropriate cellular compartment (Fig-
ures 2 and 3) (Izaurralde et al., 1997). In higher eukaryotes,
chromatin-associated RanGEF generates a high local
concentration of RanGTP that liberates cargo from its
inhibitory association with receptors only at the meta-
phase plate (Gruss et al., 2001; Nachury et al., 2001; Wi-
ese et al., 2001). This gradient is essential for proper spa-
tial activation of key regulatory proteins required for
kinetochore function, spindle assembly, microtubule dy-
namics, nuclear envelope reformation, and other mitotic
events.
RCC1 Is a Cell Cycle Regulator and Acts as the
Guanine Nucleotide Exchange Factor for the
Evolutionarily Conserved Ran GTPase
In the 1970s, a lot was known about what takes place at
different stages of the cell cycle, but little was known
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of events. In his special lecture, Dr. Nishimoto described
his innovative forward genetic screen in animal cells
(Nishimoto and Basilico, 1978) to identify cell cycle reg-
ulatory proteins. From a collection of temperature sensi-
tive (ts) mutants he told us that he initially focused on
tsBN2, because it showed the hallmarks of cells prema-
turely advanced into mitosis (Nishimoto et al., 1978). Dr.
Nishimoto successfully cloned the gene mutated in
tsBN2 by complementation (Kai et al., 1986) and named
it RCC1 for regulator of chromosome condensation
(Ohtsubo et al., 1987).
The amino acid sequence of the RCC1 protein re-
vealed internal repeats (Ohtsubo et al., 1987), but gave
few hints about function. When Bischoff and Ponstingl
purified RCC1 bound to the small GTPase now known
as Ran from mitotic chromosomes (Bischoff et al., 1990;
Bischoff and Ponstingl, 1991b) and showed that RCC1 is
the Ran GEF (Bischoff and Ponstingl, 1991a), Dr. Nishi-
moto’s previous studies of RCC1 provided the intellec-
tual link between its biochemical and its biological func-
tions. Later, each of the seven internal repeats was
found by Wittinghofer’s group to correspond to discrete
domains in the seven-bladed propeller structure of
RCC1 (Renault et al., 1998).
Ran Is a Multifunctional Protein
Before the discovery that RCC1 was the Ran GEF, similar
proteins had been identified from a variety of genetic
screens in yeast and flies, but the consequences of
mutating them varied between organisms (reviewed in
Sazer, 1996). Dr. Nishimoto described how his group
used complementation analyses to show that these
RCC1-like proteins were, in fact, functional homologs
(Fleischmann et al., 1991; Ohtsubo et al., 1991). The
quest to find ‘‘the’’ essential role of the Ran GTPase led
to a period in which conflicting models were proposed
to explain how a single function could account for all of
the presumed ‘‘secondary’’ consequences (reviewed in
Sazer, 1996). Nuclear protein import, discovered in 1993
to require the Ran GTPase (Melchior et al., 1993; Moore
and Blobel, 1993), seemed to be the perfect candidate
for Ran’s one essential role, although other evidence was
consistent with the idea that this was yet another in the
list of essential Ran functions (reviewed in Sazer, 1996).
Consensus on the Biochemical Basis
for Ran Function
Ran regulates nucleocytoplasmic transport and critical
cell cycle events in time and space by distinguishing
the nucleus from the cytoplasm in interphase and the
chromosomal region from the rest of the cell in mitosis.
These functions depend on the ability of RanGTP to sta-
bilize or destabilize specific transport cargo/receptor
complexes. Another layer of spatial regulation arises
from the targeting of SUMO-modified RanGAP1 to the
cytoplasmic face of the nuclear pore complex by the
Ran binding protein 2 (RanBP2) (Mary Dasso, NIH, Be-
thesda, MD). The RanGAP1/RanBP2 complex is stable
during the cell cycle and associates with the plus ends
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730of kinetochore microtubules at mitosis. The complex
also associates with kinetochores, but loses this associ-
ation in tsBN2 cells, which have chromosome segrega-
tion defects.
Advances in understanding the biochemical and
structural basis of Ran function came in large part
Figure 1. Ran and Its Regulators Are Compartmentalized in Inter-
phase Cells
The nucleotide bound state of the Ran GTPase is governed by the
opposing activities of RanGEF (RCC1), which stimulates the release
of GDP from Ran and allows the binding of RanGTP, and RanGAP
(Rna1) which stimulates the intrinsic GTPase activity of Ran. Be-
cause RanGEF is a nuclear chromatin-associated protein and
RanGAP is a soluble primarily cytoplasmic protein, Ran shuttles be-
tween the nucleus and the cytoplasm to cycle between its cytoplas-
mic GDP bound and its nuclear GTP bound forms.
Figure 2. A RanGTP Gradient across the Nuclear Envelope Is Essen-
tial for Nuclear Protein Transport
Nuclear protein import is initiated in the cytoplasm, when cargo pro-
teins associate with an importin-b transport receptor, either directly
or indirectly by means of an importin-a adaptor. These complexes
are stable in the cytoplasm where the concentration of RanGTP is
low. RanGDP binds to this complex and helps target the complex
to the nuclear pore complex at the nuclear envelope. After transit
through the pore, the binding of RanGTP dissociates the complex.
The cargo is deposited in its destination and importin-a and/or im-
portin-b are recycled to the cytoplasm.from a dissection of its role in nucleocytoplasmic trans-
port (Pemberton and Paschal, 2005) (Figures 1 and 2).
Ran’s influence on the cell cycle independent of its
role in nucleocytoplasmic transport was predicted from
early work in yeast and Xenopus systems (reviewed in
Sazer, 1996) and was first demonstrated in 1999. Using
cell-free systems in which there could be no nucleocyto-
plasmic transport, Ran was found to be required for mi-
totic spindle formation by several groups (reviewed in
Sazer and Dasso, 2000). Using similar experimental
strategies, two distinct steps in the process of nuclear
envelope reformation were found to depend on Ran
(Clarke and Zhang, 2001). The Ran system also regu-
lates kinetochore function and the spindle assembly
checkpoint (Mary Dasso, NIH, Bethesda, MD), which
blocks mitotic progression until the kinetochores of all
chromosomes are properly attached to the spindle.
The cell cycle block is brought about by preventing the
anaphase promoting complex (APC) from ubiquitinat-
ing, and thereby targeting for degradation, both the cy-
clin B subunit of Cdk1 and securin. The resulting high
CDK activity prevents mitotic exit and the presence of
securin indirectly prevents degradation of the cohesin
complex, which holds sister chromosomes together at
mitosis. Increasing the amount of RCC1 overrides the
spindle assembly checkpoint by displacing checkpoint
regulators such as Bub1p from kinetochores, thereby
relieving the metaphase arrest by allowing the degrada-
tion of cyclin B and securin. The effectors that mediate
the influence of RanGTP on the spindle checkpoint are
unknown, but importin-b and Crm1 have been elimi-
nated as candidates (Mary Dasso, NIH, Bethesda, MD).
Waves of destruction orchestrated by different APC
specificity factors also coordinate the degradation of
other targets, such as the Aurora and Plk kinases (Jon-
athon Pines, Gurdon Institute, Cambridge, UK). These
multifunctional kinases have complex roles in mitosis
and the spindle checkpoint: nondegradable Plk1
Figure 3. A RanGTP Gradient Emanating from Chromosomes Is Es-
sential for Spindle Assembly and Nuclear Envelope Reformation
After nuclear envelope breakdown in higher eukaryotes at mitosis,
the chromatin bound RanGEF establishes a RanGTP gradient in
the vicinity of the chromosomes. By a mechanism similar to that de-
scribed in Figure 2, proteins in inhibitory complexes with transport
receptors are stable distal to the chromosomes, but are dissociated
by the high local concentration of RanGTP in the immediate vicinity
of the chromosomes.
Meeting Review
731interferes with mitotic exit and cytokinesis (Jonathon
Pines, Gurdon Institute, Cambridge, UK) and Plk1 phos-
phorylation of BubR1 is important for chromosome
alignment (Eisuke Nishida, Kyoto University, Kyoto, Ja-
pan).
Coordination of mitotic exit with cytokinesis also de-
pends on the APC-mediated proteolysis of securin and
cyclin B. Spatial control of this process depends on pre-
cise protein localization, because cyclin B on the mitotic
spindle or at the spindle poles is degraded more effi-
ciently than cyclin B artificially targeted to the plasma
membrane (Jonathon Pines, Gurdon Institute, Cam-
bridge, UK).
Ran also influences the DNA damage checkpoint
(Naoyuki Hayashi, Kanazawa University, Kanazawa, Ja-
pan) in the budding yeast S. cerevisiae. Among a collec-
tion of temperature sensitive mutations in Gsp1 (the
budding yeast Ran GTPase) (Masaya Oki, Nagasaki Uni-
versity, Nagasaki, Japan) are alleles that suppress the
sensitivity of strains carrying mutations in some compo-
nents of the checkpoint pathway including Mec1, the
ATR checkpoint kinase in this organism.
Challenges and Questions
Many of the talks at this meeting and the formal and in-
formal discussions among participants implicitly or ex-
plicitly raised interesting questions and issues that re-
main to be addressed in the future. Among these were:
How Does the Binding between Receptor and Cargo
Provide Both Specificity in Recognition and Ease
of Dissociation?
In order for the transport process to be properly regu-
lated, import and export receptors must be flexible
enough to bind to a variety of different cargo proteins
and this interaction must be both specific and also easily
reversible (Murray Stewart, MRC, Cambridge, UK). There
has been a great deal of information gathered from the
crystal structures of components of the Ran system indi-
vidually and in complexes (reviewed in Chook and Blo-
bel, 2001; Stewart, 2003). Biochemical characterization
has yielded many useful insights regarding the dynamic
nature of these interactions, but for many components of
the Ran system, important questions remain about the
conformational changes associated with binding to dif-
ferent partners and how they influence the strength and
specificity of the interactions. The conformation of the
import receptor importin-b (the binding partner of impor-
tin-a) and the export receptor Cse1 (the yeast homolog of
Cas1, which recycles importin-a to the cytoplasm)
changes upon binding to different partner proteins, and
the energy stored upon structural distortion can be
used for cargo release at a different cellular site (Murray
Stewart, MRC, Cambridge, UK).
Why Are There so Many Different Transport
Receptors and Adaptors, What Are Their Specialized
Roles and Cargoes, and Do They Have Ran-
Independent and/or Transport-Independent Roles?
What Are the Cell and Developmental Stage-Specific
Roles of Importin-a and -b Isoforms?
Importin-a adaptors are required for the import of mono-
and bipartite classical NLSs and do so in association
with one particular importin-b. Other importin-b proteins
can associate directly with cargoes but the specificity of
these interactions is much less well understood andcannot be easily predicted from the amino acid
sequence of the putative cargo protein. Importin-a and
-b isoforms are frequently expressed in tissue or devel-
opmental stage-specific patterns (Kamei et al., 1999),
but we are only beginning to identify their individual car-
goes and understand their unique biological functions.
Eukaryotic cells contain multiple importin-b isoforms
and apart from budding yeast, all have at least two
importin-a isoforms (Goldfarb et al., 2004; Pemberton
and Paschal, 2005). In addition to Cut 15, a second
importin-a isoform has been identified and characterized
in fission yeast (Shelley Sazer, Baylor College of Medi-
cine, Houston, TX). These two importin-a’s have both
unique and common functions in nucleocytoplasmic
transport and cell cycle progression. Importin-a iso-
forms also have unique roles in determining cell fate
during neural differentiation (Yoriko Yasuhara, Osaka
University, Osaka, Japan). Importin-a isoform subtype
switching influences this process by changing the reper-
toire of transcription factors that gain access to the nu-
cleus at different stages of development. Importin-a ac-
cumulates at nuclear pores at steady state in vivo, and
a regulatory role for this association is seen in Xenopus
laevis (Keita Ohsumi, Tokyo Institute of Technology, Yo-
kohama, Japan). In oocytes, but not eggs, the annulate
lamellae, which are stacks of membrane containing large
numbers of nuclear pore complexes, sequester impor-
tin-a from importin-b and inhibits importin-a but not im-
portin-b-dependent nuclear protein import.
How Do Transport Cargo Complexes Transit
Through the Nuclear Pore?
Several speakers at the meeting raised this important
question. We know many details of how transport com-
plexes are assembled on one side of the nuclear enve-
lope and disassembled on the other (Pemberton and
Paschal, 2005), but the precise mechanism for transport
through the black box of the pore remains to be re-
solved. These studies will be guided by several testable
models of transport through the pore that have been
proposed (Denning et al., 2003; Kustanovich and Rabin,
2004; Ribbeck and Gorlich, 2002; Rout et al., 2003).
How Are RanGTP Gradients Established
and Maintained?
RanGTP gradients have been well characterized in Xen-
opus in vitro systems and are also present in animal cells
(reviewed in Quimby and Dasso, 2003). The precise
mechanisms by which these gradients are established
and prevented from collapsing remain unknown. Al-
though the essential features of the Ran GTPase system
are conserved in lower eukaryotes, the yeast nuclear
envelope does not break down during mitosis, so it is
not clear whether a mitotic RanGTP gradient exists in
yeast and if so, how it is established. The fact that the
components of the nucleocytoplasmic transport ma-
chinery are also conserved among eukaryotes suggests
that the RanGTP gradient across the nuclear envelope is
also essential for transport in yeast, but this has not yet
been demonstrated experimentally.
What Is the Function of Microdomains in the Cell
Where the Nucleotide Bound State of Ran Is Different
from that of the Surroundings?
Within the RanGTP cloud surrounding chromosomes,
RanGAP, which stimulates RanGTP hydrolysis, is pres-
ent at the kinetochore (Mary Dasso, NIH, Bethesda,
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chore would locally dissipate the RanGTP gradient and
because RanGAP was previously thought to be an ex-
clusively cytoplasmic protein (Mary Dasso, NIH, Be-
thesda, MD). However, there is supporting evidence
that RanGAP can enter the nucleus and function there,
as well (Takeharu Nishimoto, Kyushu University, Fu-
kuoka, Japan; Anita Hopper, Penn. State University,
Hershey, PA).
How Are RNAs Processed and Localized in the Cell?
The paradigm that RNAs are synthesized and spliced in
the nucleus before being exported to the cytoplasm
was turned on it head when it was discovered that in S.
cerevisiae, the tRNA splicing machinery is located in
the cytoplasm on the surface of mitochondria (Yoshihisa
et al., 2003). Yet, under some circumstances spliced
tRNAs accumulate in the nucleus by the mechanism of
‘‘retrograde tRNA nuclear import.’’ The role of nuclear
tRNA may be in quality control, translational control or
regulation of cytoplasmic tRNA levels in response to nu-
trient stress (Anita Hopper, Penn. State University, Her-
shey, PA; Tohru Yoshihisa, Nagoya University, Nagoya,
Japan).
Nuclear export of different types of RNA is mediated
by distinct pathways, but the distinguishing features of
the different classes are not well understood. Analysis
of the export pathway using mRNA/U1snRNA hybrids
revealed that the presence or absence of introns, RNA
length, secondary structure, and possibly polyadenyla-
tion are important in determining the pathway by which
specific RNA molecules are exported from the nucleus
(Matsuhito Ohno, Kyoto University, Kyoto, Japan). In
a complementary study, a genetic screen for tempera-
ture sensitive mutants in the fission yeast S. pombe
yielded 14 strains that accumulate poly (A)+ RNA in
three different locations within the nucleus: the DNA-
containing domain, the nuclear periphery, and the nucle-
olar region. These data suggest that some mRNAs pass
through the nucleolus before exiting the nucleus (Tokio
Tani, Kumamoto University, Kumamoto, Japan).
How Are Nuclear Pores Assembled and Distributed
in the Nuclear Envelope and How Does This Affect
Transport Function?
During the cell cycle the number of nuclear pores dou-
bles at S phase, and there are also cell cycle changes
in nuclear pore density (Naoko Imamoto, RIKEN, Sai-
tama, Japan). Nuclear pore distribution depends on in-
teractions with the nuclear lamina that lines the inner nu-
clear envelope and provides a structural scaffold for the
membrane. The lamina consists of both lamin proteins
and lamin-associated proteins that anchor the lamins
to the membrane. The expression levels of the lamins af-
fects the distribution of the nuclear pores and events in
telophase (Naoko Imamoto, RIKEN, Saitama, Japan).
At telophase components of the nuclear lamina are
sequentially recruited to the chromosome ‘‘core,’’ a tran-
sient structure on telophase chromosomes (Haraguchi
et al., 2001). These proteins displace spindle microtu-
bules, thereby permitting the nuclear envelope to reform
around the newly divided chromosomes (Tokuko Hara-
guchi, Kansai Advanced Research Center, Kobe, Ja-
pan). Components of the metazoan nuclear lamina can
also be assembled in fission yeast, which will now be
used as an ‘‘in vivo test tube’’ to investigate the assem-bly process (Yasushi Hiraoka, Kansai Advanced Re-
search Center, Kobe, Japan).
How Can Computational Approaches Contribute
to Understanding Ran Function?
Computational approaches based on biochemical anal-
yses have been used very successfully to model
RanGTP gradients and the kinetics of Ran-dependent
nucleocytoplasmic transport (Ian Macara, University of
Virginia, Charlotte, VA). These models are enormously
valuable in assembling large amounts of experimental
data into a comprehensible form and in generating test-
able hypotheses (Caudron et al., 2005; Gorlich et al.,
2003; Smith et al., 2002). They have accurately predicted
both the rate of Ran-dependent protein import (>125
molecules/pore/second) and the magnitude of the
RanGTP gradient across the nuclear envelope (several
hundred fold) (Ian Macara, University of Virginia, Char-
lotte, VA). Experiments testing the predictions of com-
putational models have already led to important insights
into the mitotic Ran gradient and importin-mediated nu-
clear protein import. An importin-a/importin-b complex
imports some cargoes while others are imported directly
by importin-b. Importin-a-dependent transport requires
the participation of Cas, a transport receptor that spe-
cifically recycles the importin-a subunit back to the
cytoplasm, in a Ran-dependent reaction. This mode of
import is more costly to the cell, but contrary to ex-
pectations, it is not more efficient than importin-b-based
import, raising the question of why it is used. The
answer came from an experiment that confirmed the
prediction of a computational model of Ran-dependent
transport, that increasing the amount of importin-a
would increase the initial rate of nuclear protein import
(Riddick and Macara, 2005). These data suggest that
cells sacrifice efficiency to gain dynamic control of the
rate of import via importin-a (Ian Macara, University of
Virginia, Charlotte, VA). Mathematical modeling ap-
proaches will continue to generate interesting questions
and experiments testing these hypotheses are likely to
provide answers to many outstanding questions about
Ran function.
What Can We Learn from Classical Genetics?
As Dr. Nishimoto and many other speakers reminded us,
classical genetic approaches using both yeast and ani-
mal cells have been and will continue to be important
for analysis of the Ran GTPase system and the cell cycle
(Naoyuki Hayashi, Kanazawa University, Kanazawa, Ja-
pan; Anita Hopper, Penn. State University, Hershey, PA;
Eishi Noguchi, Drexel University, Philadelphia, PA; Ma-
saya Oki, Nagasaki University, Nagasaki, Japan; Shelley
Sazer, Baylor College of Medicine, Houston, TX; Takeshi
Sekiguchi, Kyushu University, Fukuoka, Japan; Tokio
Tani, Kumamoto University, Kumamoto, Japan; Tohru
Yoshihisa, Nagoya University, Nagoya, Japan).
How Are the Roles of Ran Coordinated in Living
Cells?
RanGTP gradients dissociate proteins from their inhibi-
tory association with import receptors in specific cellular
locations. This allows the localized activation of these
proteins, for example aster promoting activity (APA)
near the chromosomes during mitosis (Nachury et al.,
2001). Identification and characterization of larger col-
lections of proteins whose binding to transport recep-
tors are regulated by Ran (Pemberton and Paschal,
Meeting Review
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ence on cellular functions.
A Scientific Legacy
Starting with pioneering work of the late 1970s that led to
the identification of RCC1, Dr. Takeharu Nishimoto’s sci-
entific achievements and leadership continued for the
next 30 years during which the regulatory components
of the Ran GTPase system were identified and charac-
terized, the connection between cell cycle regulation
and the Ran GTPase was established, the primary func-
tion of the Ran GTPase was debated, and a consensus
on the multifunctional nature of the Ran system was
reached. However, as is clear from the scientific presen-
tations and the discussions at the meeting, many inter-
esting issues remain to be resolved. Even in retirement,
Dr. Nishimoto’s intellectual influence will be perpetuated
in the work of the excellent students he trained, his col-
laborators, and his colleagues.
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